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Different Hypothalamic Mechanisms Control Decreased
Circulating Thyroid Hormone Levels in Infection
and Fasting-Induced Non-Thyroidal lliness Syndrome
in Male Thyroid Hormone Action Indicator Mice
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Background: Non-Thyroidal Illness Syndrome (NTIS) caused by infection or fasting is hallmarked by reduced
circulating thyroid hormone (TH) levels. To better understand the role of local TH-action in the development of
NTIS, we assessed tissue-specific changes of TH signaling in Thyroid Hormone Action Indicator (THAI) mice.
Methods: NTIS was induced in young adult THAI mice by bacterial lipopolysaccharide (LPS)-administration
or by 24 or 48 hours’ fasting. Tissue-specific TH-action was assessed by the detection of changes of the
Luciferase reporter of THAI mice with quantitative polymerase chain reaction along with tissue-specific ex-
amination of regulators of TH metabolism and signaling. Age dependence of revealed alterations of hypo-
thalamic TH-action was also studied in 1-year-old male THAI mice.

Results: LPS-treatment increased TH-action in the hypothalamic arcuate nucleus-median eminence (ARC-ME)
region preceded by an increase of type 2 deiodinase (D2) expression in the same region and followed by the
suppression of proTrh expression in the hypothalamic paraventricular nucleus (PVN). In contrast, LPS de-
creased both TH-action and D2 activity in the pituitary at both ages. Tshff expression and serum free thyroxine
(fT4) and free triiodothyronine (fT3) levels decreased in LPS-treated young adults. Tshf} expression and serum
fT4 levels were not significantly affected by LPS treatment in aged animals. In contrast to LPS treatment, TH-
action remained unchanged in the ARC-ME of 24 and 48 hours fasted animals accompanied with a modest
decrease of proTrh expression in the PVN in the 24-hour group. Tshff expression and fT3 level were decreased
in both fasted groups, but the fT4 decreased only in the 48 hours fasted animals.

Conclusions: Although the hypothalamo-pituitary-thyroid (HPT) axis is inhibited both in LPS and fasting-
induced NTIS, LPS achieves this by centrally inducing local hyperthyroidism in the ARC-ME region, while
fasting acts without affecting hypothalamic TH signaling. Lack of downregulation of Tshff and fT4 in LPS-
treated aged THAI mice suggests age-dependent alterations in the responsiveness of the HPT axis. The LPS-
induced tissue-specific hypo-, eu-, and hyperthyroidism in different tissues of the same animal indicate that
under certain conditions TH levels alone could be a poor marker of tissue TH signaling. In conclusion,
decreased circulating TH levels in these two forms of NTIS are associated with different patterns of hypo-
thalamic TH signaling.
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Introduction

THE NON-THYROIDAL ILLNESS SYNDROME (NTIS) is
caused by fasting or serious disease conditions such as
infection and hallmarked by central inhibition of the
hypothalamo-pituitary-thyroid (HPT) axis.' Similar to hu-
mans, fasting and bacterial lipopolysaccharide (LPS) ad-
ministration, a model of infection, also causes NTIS in
rodents.*”’

Despite decreased circulating thyroid hormone (TH) lev-
els, we have suggested that LPS-induced increase of the ac-
tivity of the TH activating type 2 deiodinase (D2) enzyme in
tanycytes of the mediobasal hypothalamus (MBH) may
cause local hyperthyroidism in the MBH and therefore may
be a key mediator of the effect of LPS on HPT axis sup-
pression.* This hypothesis was, however, debated by Mebis
et al based on the absence of increased triiodothyronine (T3)
content in the whole hypothalamus of a rabbit NTIS model.®
As the available methods were not sufficiently sensitive to
determine the T3 content of the very small MBH, our
hypothesis could not be directly proven.

Diano et al observed a twofold increase of D2 activity also
in the MBH of fasted rats and suggested that increased TH
activation in the MBH could contribute to fasting-induced
inhibition of the HPT axis.’

To overcome the challenge of the direct assessment of
tissue-specific TH-action, we generated the Thyroid Hor-
mone Action Indicator (THAI) mouse model that allows
tissue-specific detection of TH-action and gauges TH sig-
naling within a physiological context.'® To better understand
the development of NTIS, we studied in THAI mice whether
local TH-action is changed in the MBH and could contribute
to the development of LPS- and fasting-induced NTIS along
with measuring tissue-specific TH-action and parameters of
the HPT axis. The impact of aging was also studied on the
revealed alterations of hypothalamic TH signaling.

Materials and Methods

Methods are detailed in Supplemental Data.

Animals

We used 3-month-old (young adult) and 1-year-old (aged)
male THAI line #23 FVB/Ant mice that allows tissue-specific
assessment of TH-action.'® In this transgenic mouse model,
the expression of the luciferase reporter is driven by a min-
imal viral promoter that was made TH sensitive by the in-
sertion of three colpies of the TH response element of the
human diol gene.'"® Animals were housed under standard
environmental conditions (light between 06:00 and 18:00
hours, temperature 22+ 1°C, mouse chow, and water ad li-
bitum). All experimental protocols were reviewed and ap-
proved by the Animal Welfare Committee at the Institute of
Experimental Medicine, Hungary (PEI/001/1550-10/2014 -
PE/EA/1490-7/2017).

LPS treatment, fasting, and microdissection
of brain areas

Mice were treated i.p. with LPS (150 ug/animal; Escher-
ichia coli 0127:B8; Sigma) or saline as control and decapi-
tated 6, 8, and 10 hours after injection (animal number is
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given in the legends). Treatment time was optimized based on
preliminary experiments between 4 and 24 hours; 6—10 hours
was found to be appropriate to observe the well-known
hallmarks of acute NTIS. Animals were fasted for 24 or 48
hours followed by tissue collection and microdissection.'!

Tagman real-time PCR

Reverse transcription-quantitative polymerase chain reac-
tion was performed on Viia 7 Real-time PCR instrument
(Applied Biosystems). Accession numbers of used Tagman
probes are listed in Supplementary Table S1. The sequence of
the dCpG Luciferase probe has been previously published.'”

ProTrh messenger RNA in situ hybridization

Hybridization was performed using a 741 base (corre-
sponding to the 106-846 nucleotides of the mouse proTrh
messenger RNA [mRNA]; BC053493) single-stranded
[*>S]UTP labeled cRNA probe for mouse proTrh as previ-
ously described.'?

Deiodination assay

D2 activity of whole pituitary samples was assayed in the
presence of '*’I-thyroxine (T4) and released iodine was
counted, as previously described.'?

Determination of circulating hormone levels

Serum free T4 (fT4), free T3 (fT3), and serum thyrotropin
(TSH) were determined as provided in Supplementary Data.

Simple Western blot (WES)

Thyrotropin-releasing hormone-degrading ectoenzyme
(TRH-DE) content of microdissected arcuate nucleus-
median eminence (ARC-ME) samples was measured with
WES Simple Western capillary electrophoresis system.

Data analysis

Student’s two-sample two-sided #-test was used to analyze
two groups; one-way analysis of variance followed by Tukey
and Dunnett post hoc test was used to compare more than two
groups.

Results

TH signaling undergoes marked changes in NTIS
in regulatory regions of the HPT axis

In the PVN of young adult THAI mice, the expression of
proTrh mRNA was significantly decreased between 6 and 8
hours (Fig. 1A). The LPS-treatment also reduced the Tshf
mRNA level in the pituitary (Fig. 1B), and serum TSH level
was also decreased at 10 hours (Supplementary Fig. S1). In
the serum, circulating fT4 and fT3 levels were markedly
decreased (Fig. 1C, D) as expected.*”

Earlier, we showed that LPS-treatment results in a marked
increase of tanycytic D2 activity that is independent from
decreased peripheral TH levels.*'* Based on this, we hy-
pothesized that the increased TH activating capacity of ta-
nycytes induces local hyperthyroidism in the MBH despite
the lower serum fT4 levels, and it inhibits the hypophysio-
tropic TRH neurons by enhancing negative TH feedback.'*
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FIG. 1. Age-dependent responsiveness of the HPT axis in

LPS-induced NTIS. Male THAI mice were treated with
150 pg/animal LPS i.p. (A-D) YA (2-3 months old), (A) PVN
proTrh mRNA levels levels, (B) pituitary Tshff mRNA levels,
(C) serum fT4 levels, (D) serum fT3 levels, (E-H) AG (1 year
old), (E) PVN proTrh mRNA levels, (F) pituitary 7shf mRNA
levels, (G) serum fT4 levels, (H) serum fT3 levels n(YA)=5/
group. n(AG)=6-9/group; figure shows Tukey Box Plots,
o=0.05; *p<0.05, **p<0.01, ***p <0.001. AG, aged adults;
fT3, free triiodothyronine; fT4, free thyroxine; HPT,
hypothalamo-pituitary-thyroid; LPS, lipopolysaccharide;
mRNA, messenger RNA; NTIS, Non-Thyroidal Illness Syn-
drome; PVN, paraventricular nucleus; RQ, relative quantity;
THALI, Thyroid Hormone Action Indicator; YA, young adults.
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To determine how LPS-treatment impacts local TH economy
in the MBH, we tested the effect of LPS-treatment on TH-
action in the ARC-ME region using the THAI mouse model.

The LPS-treatment resulted in a time-dependent elevation of
Luciferase expression (marker of TH-action) in the ARC-ME
region that became statistically significant 8 hours after LPS
injection (Fig. 2A). The observed increase of local TH sig-
naling was preceded by a marked increase of D2 expression in
the ARC-ME region (6 hours after LPS-treatment) (Fig. 2B).

In contrast to the hypothalamus, LPS-treatment decreased
Luciferase expression in the pituitary, indicating a reduction
of TH signaling in this tissue (Fig. 3A). This was accompa-
nied with decreased D2-mediated TH activation and de-
creased D3-mediated TH inactivation (Fig. 3B, C,
respectively). Expression of TH transporters Oatplcl
(Slcolc) and Mct8 (Slc16a2) remained unchanged in the pi-
tuitary (Fig. 3D, E).

Responsiveness of the HPT axis is age-dependent
in NTIS

Since TH economy is subjected to age-mediated chan-
ges,'” we also performed studies in aged adult (1 year old)
THALI animals to study whether the revealed changes of TH
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FIG. 2. Thyroid hormone action in the hypothalamus in
LPS-induced NTIS. Male THAI mice were treated with
150 pg/animal LPS i.p.; Luciferase expression represents
local TH-action. (A, B) YA (2-3 months old), (A) ARC-ME
Luciferase mRNA levels, (B) ARC-ME Dio2 mRNA levels,
(C, D) AG (1 year old), (C) ARC-ME Luciferase mRNA
levels, (D) ARC-ME Dio2 mRNA levels. n(YA)=>5/group;
n(AG) = 8-9/group; figure shows Tukey Box Plots, o=0.05;
*p<0.05, **p<0.01, ***p<0.00l. ARC-ME, arcuate
nucleus-median eminence; TH, thyroid hormone.
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signaling in NTIS are age-dependent. In 1-year-old mice, a
similar decrease of proTrh mRNA level was observed in the
PVN after LPS-treatment compared with young adults
(Fig. 1E), indicating that the hypothalamic response of the
HPT axis was age-independent.

However, in contrast to young adults, neither the expres-
sion of Tshf in the pituitary nor the circulating fT4 levels was
significantly decreased in aged animals (Fig. 1F, G). Serum
TSH of aged animals was significantly lower in the controls
compared with young adults (1.02 vs. 0.37, p=0.001), and
TSH levels of the LPS-treated aged group were below the
limit of detection. Therefore, the magnitude of the impact of
LPS on serum TSH could not be compared in an age-
dependent manner.

fT3 levels were significantly decreased by LPS-treatment
in both age groups (Fig. 1D, H). Similar to young adults, the
LPS-induced increases of Luciferase and Dio2 expressions
were also observed in the ARC-ME region of aged animals
(Fig. 2C, D). In the pituitary of aged animals, the findings on
Luciferase, D2 activity, Dio3, and Oatplcl (Fig. 3F-I) were
similar to young adults, except that Mct8 expression was
slightly increased in the aged group (Fig. 3J).

To understand the mechanisms underlying the observed
age-related difference in Tshff regulation, we studied factors
with potential to alter central components of the HPT axis.
ProTrh mRNA expression in the PVN of young adults and
aged animals was compared by in situ hybridization, and no
significant difference could be found (p=0.099) (Fig. 4A,
B). The major regulator of TRH peptide degradation, the Trh-
de was also studied. The Trh-de mRNA was significantly
decreased 8 hours after the LPS injection in the ARC-ME
samples of both age groups, and this drop in Trh-de expres-
sion was significantly higher in the aged animals (0.48 vs.
0.60, p=0.021) (Fig. 5A, D).

However, this change was not reflected in the amount of
TRH-DE protein in the ARC-ME region in neither age group,
assessed by Capillary Microwestern (Fig. 5B, E; Supple-
mentary Fig. S2). The expression of pituitary Trh-rl, the
canonical receptor of TRH signaling in the pituitary, was
markedly decreased after LPS-treatment, but no age-related
differences were observed (Fig. 5C, F).

Coexistence of eu- and hypothyroidism in peripheral
tissues after LPS-treatment

Hepatic Luciferase expression was not influenced by LPS-
treatment in young adults, although hepatic Diol expression
was markedly decreased by the treatment (Fig. 6A, B). In
contrast, Luciferase expression of LPS treated mice was

>

FIG. 3. Thyroid hormone action in the pituitary in LPS-
induced NTIS. Male THAI mice were treated with
150 pg/animal LPS i.p.; Luciferase expression represents
local TH-action. (A-E) YA (2-3 months old),
(A) Luciferase mRNA levels, (B) D2 activity, (C) Dio3
mRNA levels, (D) Oatplcl mRNA levels, (E) Mct§ mRNA
levels (F-J) AG (1 year old), (F) Luciferase mRNA levels,
(G) D2 activity, (H) Dio3 mRNA levels, (I) Oatpicl
mRNA levels, (J) Mct8 mRNA levels. n(YA)=>5/group;
n(AG) =7-9/group; figure shows Tukey Box Plots, «=0.05;
*p<0.05, **p<0.01, ***p<0.001. D2, type 2 deiodinase.
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ProTrh mRNA

FIG. 4. proTrh expression in the PVN of
YA and aged THAI mice.
(A) Representative dark-field micrographs

T

of proTrh in situ hybridization at the mid-
level PVN of YA (3 months old, upper
panel) and AG (1 year old, lower panel)
THAI mice. (B) Quantification of the proTrh

mRNA hybridization signal. n(YA)=4/
group; n(AG)=5/group; figure shows Tukey

Box Plots, «=0.05; Scale bar: 100 um.

YA

significantly decreased in the small intestine, representing
reduced TH signaling 10 hours after the treatment (Fig. 6C).
Similar changes were observed in aged animals (Fig. 6D-F).

Response of the HPT axis during fasting
is accompanied by unaltered hypothalamic
TH signaling

ProTrh expression was decreased by ~ 15% in the PVN
after 24 hours’ fasting by in situ hybridization, while this
decrease was already absent after 48 hours (Fig. 7A-D). Tshf3
expression in the pituitary was decreased by both 24 and 48
hours’ fasting (Fig. 8A, D). Serum T3 but not fT4 was de-
creased after 24 hours (Fig. 8B, C), while both fT4 and fT3
were decreased after 48 hours’ fasting (Fig. 8E, F). Fasting
was accompanied by unchanged Luciferase expression in the
ARC-ME region after both 24 and 48 hours’ fasting, indi-
cating unaltered hypothalamic TH signaling (Fig. 9A, C)
while Luciferase expression was decreased in the pituitary
(Fig. 9B, D). No changes of TH signaling were revealed that
could be responsible for the response of the HPT axis during
fasting, thus age-dependent studies under this condition were
omitted.

Discussion

The NTIS frequently occurs in hospitalized patients and is
hallmarked by central inhibition of TRH secretion and by
reduced serum TSH and TH levels, yet its pathogenesis is still
only partially understood."'®!” In rodents, infection-induced
NTIS can be mimicked by LPS-treatment. Earlier studies
demonstrated that LPS-treatment also influences local TH
metabolism in certain organs, suggesting both central and
peripheral modulation of the TH-action.*>'®

Data from our and other laboratories indicated that local-
ized hypothalamic increase of D2 activity in tanycytes could
play a role in the development of NTIS in rats and mice.*
While circulating TH levels has an ~50% decrease 12 hours
after LPS-administration, the D2 activity in the tanycytes
increases fourfold.* Thus, we suggested that the net effect of
these changes could be local hyperthyroidism in the MBH
that can modulate the feedback regulation of hypophysio-

AG

tropic TRH neurons and, therefore, could contribute to the
inhibition of the HPT axis by LPS-treatment.* This hypoth-
esis was also supported by the absence of LPS-induced in-
hibition of the HPT axis in D2 knockout mice.® However, the
concept was questioned by data reporting that T3 concen-
tration in the homogenate of complete hypothalamic blocks
was not influenced by LPS-treatment.®

Therefore, we took advantage of THAI mouse, a trans-
genic mouse model allowing the tissue-specific assessment
of endogenous changes in local TH-action.'” THAI mice
were treated with LPS and TH signaling was measured in
the ARC-ME region where D2 expressing tanycytes and the
axon terminals of the hypophysiotropic TRH neurons are
located.'**°

Our data revealed increased TH-action in the ARC-ME
region despite falling circulating TH levels. The increase of
Luciferase expression in this hypothalamic region is pre-
ceded by the increase of D2 expression in tanycytes, further
supporting that the LPS-induced increase of D2 activity in
these cells can induce local hyperthyroidism in the neuropil
surrounding the tanycytes. The ARC-ME region is critical
in the feedback regulation of the hypophysiotropic TRH
neurons.

The axon terminals of these cells terminate around the
fenestrated capillaries of the external zone of the ME.*! As
the ME is located outside of the blood—brain barrier, circu-
lating T3 can freely enter into the extracellular space of the
ME. The T3 content of this region, however, also depends on
the T3 released from tanycytes after conversion of the pro-
hormone T4 to the active T3. In the external zone of the ME,
the end feet processes of tanycytes and the axon terminals of
the hypophysiotropic TRH neurons are in close contact and
MCTS is also present on the surface of TRH axons.*!

This anatomical relationship suggests that the T3 content
of the ME is monitored by the hypophysiotropic TRH neu-
rons and it plays a critical role in the negative feedback
regulation of the TRH synthesis. The demonstrated local
hyperthyroidism in the hypothalamic ARC-ME was followed
by the decrease of proTrh expression in the PVN. This in-
dicates that local increase of TH-action in the MBH plays a
major role in impaired HPT activity.
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FIG. 5. Regulators of TRH action in the HPT axis in LPS-
induced NTIS. Male THAI mice were treated with
150 pg/animal LPS ip. (A-C) YA (2-3 months old),
(A) ARC-ME Trh-de mRNA levels, (B) ARC-ME TRH-DE
protein levels, (C) pituitary Trh-rI mRNA levels, (D-F) AG
(1 year old), (D) ARC-ME Trh-de mRNA levels, (E) ARC-
ME TRH-DE protein levels, (F) pituitary Trh-ri mRNA
levels. n(YA)=>5/group; n(AG)=7-9/group; figure shows
Tukey Box Plots, «=0.05; **p<0.01, ***p<0.001. TRH,
thyrotropin-releasing hormone; TRH-DE, thyrotropin-
releasing hormone-degrading ectoenzyme.

This is also supported by fact that the TRH expression is
decreased in the PVN at the same time when the Luciferase
expression is increased in the ARC-ME region. Therefore,
the LPS-induced local hyperthyroidism is likely sufficient
to inhibit the hypophysiotropic TRH neurons, despite the
fact that the increased D2 activity of tanycytes is not suffi-
cient to increase the TH-action in the entire hypothalamus
after LPS-treatment.

Intriguingly, TH-action is regulated differently in periph-
eral tissues. In contrast to the ARC-ME, pituitary TH-action
was decreased by LPS that was a net result of lower circu-
lating TH levels and the simultaneous decrease of D2 activity
in this tissue. Since D2 activity is negatively regulated by TH

SINKO ET AL.

A YA liver Luciferase mRNA D AG liver Luciferase mRNA
4- 20+
— 3 = 157 -
£
g 2
g8 2 g3 10
S g
3 7 |
= 1 = 5
L T
o & 8 10 o 8
LPS [h] LPS [h]
B YA liver DioT mRNA E AG liver DioT mRNA
2.0 ves 2.0
— 1.5+ = 1.5
5 R 5
Y &
O 1.0 E 98 101
o . !
8 é 8
=~ 0.5+ = 05-
] = =
T T T T -1 T
0 6 8 10 0 8
LPS [h] LPS [h]
c YA small intestine Luciferase F AG smallintestine Luciferase
mRNA mRNA
204
2.0 e
1.5+
= 15 €
2 25 104
g& 1.0 3
§ 0.54
=~ 0.5 E
—_— 0 8
0 10 LPS [h]
LPS [h]

FIG. 6. Local thyroid hormone action of peripheral tissues
in LPS-induced NTIS. Male THAI mice were treated with
150 ug/animal LPS i.p.; Luciferase expression represents
local TH-action. (A—C) YA (2-3 months old), (A) hepatic
Luciferase mRNA levels, (B) hepatic Diol mRNA levels,
(C) small intestine Luciferase mRNA levels, (D-F) AG
(1 year old), (D) hepatic luciferase mRNA levels, (E) he-
patic Diol mRNA levels, (F) small intestine Luciferase
mRNA levels. n(YA)=>5/group; n(AG)=7-9/group; figure
shows Tukey Box Plots, «=0.05; *p<0.05, **p<0.01,
*k¥p <0.001.

availability,?* it is likely that the LPS itself or the LPS-
induced cytokines could be responsible for decreased D2
activity of the pituitary.

The direct action of these substances is supported by the
presence of cytokine and toll-like receptors in the pitui-
tary.>* Surprisingly, D2 activity and Dio3 expressions
changed parallel in the pituitary. As Dio3 expression is reg-
ulated positively by TH,** it is likely that the decreased Dio3
expression represents a compensatory mechanism that tries to
preserve pituitary TH-action to suppression of Tsh.

As a hallmark of NTIS, pituitary Tshff expression was
decreased as found earlier in LPS-injected rats and mice*’
accompanied with decreased serum TSH. The revealed
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FIG. 7. proTrh expression in the PVN of fasting THAI mice. (A, B) 24 hours fasting, (C, D) 48 hours’ fasting. (A,
C) Representative dark-field micrographs of proTrh in situ hybridization at the mid-level PVN of fasting YA.
(B) Quantification of the proTrh mRNA hybridization signal of (A), (D) Quantification of the proTrh mRNA hybridization
signal of (C). n(24 hours) = 10-11/group; n(48 hours) = 7-8/group; figure shows Tukey Box Plots, «=0.05; **p <0.01. Scale

bar: 100 ym.

decrease in pituitary TH signaling is interesting, since Tshf is
negatively regulated by TH.?® This finding reveals that the
decreased Tshff expression in LPS-induced NTIS is not the
consequence of local pituitary TH-action, but it is likely that
the result of the decreased TRH expression and release
overrides the stimulatory effect of local pituitary hypothy-
roidism on Tshf expression.

Accumulating data support the hypothesis of a life-stage
specific optimum of tissue TH signaling. Decreased TH
levels have been associated with longer lifespan in animal
models.'>*>27 In addition, human clinical studies revealed
anegative correlation between longevity and circulating TH
levels.”® We studied how tissue-specific TH-action is
modulated by age during the challenge of LPS-induced
NTIS.

Our findings on Tshf and circulating fT4 of 1-year-old
THAI mice demonstrated an age-evoked impaired respon-
siveness of the HPT axis that hindered to develop the sig-
nificantly decreased Tshfi and circulating fT4 of young
adults, characteristic hallmarks of NTIS. This age-dependent
difference was not reflected in fT3 levels, which is not sur-
prising since peripheral TH metabolism plays an important
role in the regulation of the circulating fT3 levels.”> Although
proTrh expression in the PVN decreased similarly in aged
and in young adults, this change could not be translated in
aged animals neither to decreased Tshf; expression nor to the
fall of circulating fT4 levels.

We speculated whether this is caused by an elevated basal
proTrh mRNA expression in the PVN of aged animals; thus,
a similar level of LPS-induced reduction in proTrh expres-
sion could result in higher TsAf levels in aged animals. Since
situ hybridization did not reveal an age-dependent difference
in proTrh expression in the PVN, we rejected this idea. Age-

dependent differences in local pituitary TH-action were ab-
sent, therefore we looked for age-dependent changes of
modulators of TRH levels.

TRH-DE (or pyroglutamil peptidase II) is an exocellular
deactivator of the TRH peptide and is highly expressed by the
tanycytes”” but LPS-treatment did not change TRH-DE
protein level in the MBH. In addition to the lower proTrh
mRNA levels in the PVN, the decreased expression of pitu-
itary Trh-rl also points toward a suppressed TRH signal on
thyrotrophic cells in the pituitary after LPS-treatment. As the
decrease of Trh-rl expression was not age-dependent, it is
likely that the age-dependent regulation of TSH expression is
not due to age-dependent regulation of TRH release, but ra-
ther an intrinsic feature of the thyrotropes.

The set-point of the HPT axis that determines the aimed
range of circulating TH levels is pre-set around birth and
remains unchanged during the entire lifespan.? Since a dif-
ferent optimum of TH homeostasis is suggested for specific
life periods, the fixed set-point represents a potential bottle-
neck in deregulation of TH homeostasis that could lead to
tissue-dysfunctions during aging. Our data demonstrate that
under specific conditions, responsiveness of the HPT axis
undergoes age-dependent changes despite the fixed set-point.

In addition, NTIS also generated an age-independent but a
tissue-specific pattern of TH-action in peripheral organs. Our
finding on unchanged hepatic TH-action up to 10 hours after
LPS injection differs from data showing a ~20% decreased
hepatic T3 content in LPS-treated female mice at this time
point.'® Tt is unclear why this decrease was not reflected in
hepatic TH-action. Since our studies were performed in
males, sex- or strain-specific effects cannot be excluded, but
modulation of TH transport or the TH receptor complex
could be also the reason for this effect.



116

A Ppituitary Tsh mRNA 24 h D Pituitary Tshg mRNA 48 h

1.5 1.5
* % P
E. 1.0 E E 1.0 ?
3 3
2 2
g 0.5 % S 05
m 2 -
0.0—7—7 0.0

> T ]
Control Fasting Control Fasting

B Serum fT4 24 h E Serum fT4 48 h
30+ 20+
_'_ *
T 15
— 20 o
= = 10 T
=t - ol
= 104 =
- 5 T
0 r I 0-
Control Fasting Control Fasting
C SerumfT324h F SerumfT348h
8- - 4- s
A= N
s s
2 4] £ o
o) © —
E E
2 —_ 1
ey
0- 0

] T
Control Fasting Control Fasting

FIG. 8. Responsiveness of the HPT axis in fasting ani-
mals. Male THAI mice were fasted for 24 and 48 hours. (A—
C) 24 hours’ fasting, (D-F) 48 hours’ fasting, (A) pituitary
Tshff mRNA levels, (B) serum fT4 levels, (C) serum fT3
levels, (D) pituitary Tshff mRNA levels, (E) serum fT4
levels, (F) serum fT3 levels. n(24 hours)=4-5/group;
n(48 hours)=3-5/group; figure shows Tukey Box Plots,
a=0.05; *p<0.05, ¥*p <0.01, ***p<0.001.

In addition, our finding on unaltered hepatic TH-action
also underlines that the decrease of Diol, a known TH-
regulated marker gene in the liver, is not the result of de-
creased TH signaling, but likely a direct effect of cytokines
that were shown to interfere with Diol expression.”® This
further substantiates that endogenous TH-responsive genes
face serious limitations when used to monitor changes of
tissue-specific TH-action.

In contrast to LPS-induced NTIS, fasting was not associ-
ated with altered hypothalamic TH signaling although proTrh
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FIG. 9. Thyroid Hormone action in the HPT axis in
fasting animals. Male THAI mice were fasted for 24 and 48
hours, Luciferase expression represents local TH-action. (A,
B) 24 hours’ fasting, (C, D) 48 hours’ fasting, (A) ARC-ME
Luciferase mRNA levels, (B) pituitary Luciferase mRNA
levels, (C) ARC-ME Luciferase mRNA levels, (D) pituitary
Luciferase  mRNA levels; n(24 hours)=4-5/group;
n(48 hours)=>5/group; figure shows Tukey Box Plots,
0=0.05; **p<0.01, ***p<0.001.

expression was decreased in the PVN after 24 hours’ fasting
accompanied with decreased circulating TH levels and pi-
tuitary Tshfs expression. In rats, proTrh expression is robustly
decreased in the PVN,’ while available data on mice are
limited and controversial.*' * Our studies based on repeated
experiments on 24 and 48 hours’ fasted mice pointed out that
the decrease of proTrh expression in the PVN of mice is
moderate compared with that of rats.

We also ran pilot studies with similar results on fasting
C57Bl/6 mice that indicated that modest response of proTrh
expression in the PVN of fasting mice is not specific for the used
FBV/Ant background. Our findings demonstrate that in contrast
to LPS-induced NTIS, the hypothalamic regulation of proTrh
expression in fasted mice is not associated with a signature of
elevated TH signaling in the MBH. Decreased pituitary TH-
action was found in both LPS and fasting-induced NTIS.

Although this could indicate that TSHf is not regulated
dominantly by local TH-action in the pituitary in either
condition, it should be also considered that thyrotrophs rep-
resent only a subpopulation of the pituitary and our mea-
surement is the net result of the full anterior pituitary, thus the
thyrotroph-specific conditions are unknown.

Our data also demonstrate that THAI mice can reveal local
tissue-specific changes of TH-action independently from
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circulating TH levels. These findings strongly call for the
development of approaches to allow assessment of tissue
TH-action in patients.
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